monitoring (QM) of blood components to ensure compliance with specifications for residual white blood cells (rWBCs) on an ongoing basis, which for the United Kingdom are that more than 90% of components should contain less than 1 × 10 6 rWBCs and more than 99% of components should contain less than 5 × 10 6 rWBCs per component, with 95% confidence. 1 In the United States, the AABB requires that components contain less than 5 × 10 6 rWBCs in greater than 95% of components. 2 Initially, there was widespread variance in methodology used for rWBC enumeration, although all used nucleotidebinding dyes to identify WBCs. Techniques included manual microscopy with a Nageotte hemocytometer, microvolume fluorimetry, and flow cytometry. Currently, flow cytometry with commercial reagents has become the most widely used technique for rWBC enumeration, with results being incorporated into statistical process control systems designed to detect potentially poorly performing processes. 3, 4 Improvements in hardware, software, and QM procedures have continued and led to new semiautomated systems. [5] [6] [7] The potential benefits of being able to use a routine hematology analyzer rather than flow cytometry for rWBC enumeration have previously been recognized; a single instrument could be used for enumeration of rWBCs as well as other parameters such as platelet count and hemoglobin content. However, the detection level required for rWBC enumeration was below the limits of hematology analyzers. However, the latest generation of analyzers is able to count low levels of cells in body fluids and has renewed interest in rWBC counting. 8 The Sysmex XN series (Sysmex Japan) of analyzers include an option for low-level cell counting in body fluids that has been reported as giving results comparable with microscopy and having a lower limit of detection of 5 WBCs/μL. 9 This success prompted development of high-sensitivity analysis (hsA) in which the sample analysis volume was increased. This hsA mode was found to have lower limits of quantitation of 2 WBCs/μL. 10 The ability to detect rWBCs around 2 cells/μL by hematology analyzers would bring them within the critical region to detect leukoreduction failures, which in early flow cytometry studies was described as 5 to 30 cells/μL depending on component volume. 11 Data from NHS Blood and Transplant (NHSBT) currently suggests that detection of 1 to 25 cells/μL is required to monitor leukoreduction performance and detect failures. Additionally, detection of 2 cells/μL would provide comparability with flow cytometry, which is reported to give acceptable performance levels of 1 to 3 cells/μL. 12 Sysmex have further developed the hsA to generate the Blood Bank (BB) mode. The BB mode maintained high analysis volumes but also modified the gating strategy for optimal detection of nucleated WBCs. The aim of the current study was to evaluate the performance characteristics of BB mode for rWBC enumeration and assess the potential impact of using the analyzer in a routine blood component manufacturing environment.
MATERIALS AND METHODS
Early studies of potential rWBC counting technology noted that although a technique may perform well with specifically prepared spiked and fixed samples it may fail to reach satisfactory performance with samples from routinely prepared leukoreduced components. 11, 12 Hence, assessment of the Sysmex BB mode was performed in two parts. The first focused on performance characteristics such as linearity, precision, and limits of quantitation using spiked samples, followed by using the analyzer in parallel with flow cytometry in a routine component manufacturing environment to determine the effect of using the BB mode for process control purposes to identify the incidence of components that met the two UK guideline limits.
Blood components
Components were manufactured and stored according to UK guidelines. 1 RBC concentrates (RCCs), plasma, and pooled buffy coat (BC)-derived platelet concentrates (PCs) suspended in platelet additive solution were processed from whole blood donations and leukoreduced with standard NHSBT procedures. Apheresis machines (Trima Accel, Terumo) were used to generate both leukoreduced plasma and single-donor PCs suspended in plasma.
Hematology analyzers
Cell counts on nonleukoreduced samples were obtained using routine clinical analysis modes on XN-series analyzers (Sysmex UK). These were either based at the Component Development Laboratory (CDL) at NHSBT Cambridge using an XN-1000 analyzer (XN20 format) or in the QM department at NHSBT Manchester (QM-Manchester) using an XN-2000 analyzer (dual XN10 format).
Testing of specifically produced leukoreduced samples to determine performance characteristics of BB analysis such as linearity, precision, and carryover were performed on the XN-1000 analyzer. All samples were collected into plain tubes without anticoagulant (Greiner Bio-One), tested within 10 hours of preparation, and mixed by manual inversion a maximum of eight times immediately before testing. Validation with standard leukoreduced components utilized the BB mode on both XN systems. Early in the study, a development version of the BB mode on the XN-1000 was used to test previously identified leukoreduction failures.
The BB mode uses fluorescence flow cytometry and impedance measurements to count WBCs, RBCs, and platelets in blood components. For flow cytometry, the forward scatter light (size of cells), side scatter light (inner complexity of cells), and fluorescence intensity (DNA/RNA content) are combined to identify and cluster each cell.
Quality control (QC) of the analyzers was performed with three levels of XN-Check material (Sysmex UK).
Flow cytometry
At CDL determination of rWBC levels was performed using a flow cytometer (FACSCalibur, BD Biosciences) with QC performed with Calibrite beads, (BD Biosciences). QM-Manchester used Navios analyzers with QC performed using Flow-Check Pro and Flow-Set Pro beads (Beckman Coulter). Both sites used WBC enumeration kits (Leucocount, BD Biosciences) for staining rWBCs before flow cytometric analysis. At QM-Manchester, flow cytometry results were recorded in a QM database, with results of 1 WBC/μL or less being recorded as 1 WBC/μL.
Linearity studies
Leukoreduced blood components for linearity studies were double filtered with an additional leukoreduction process before spiking with whole blood, using an Autostop BC filter for PCs (Haemonetics), PLAS4 (Macopharma) for plasma, and LRCD2 (Macopharma) for RCCs. Five units of PCs (four apheresis derived, and one BC derived), four RCC units, and four whole blood-derived plasma units were tested. Units were spiked with ABO-compatible whole blood to generate calculated concentrations of 32, 16, 8, 4, 2, 1, 0.5, and 0.3 WBCs/μL, with the nonspiked material used as a zero-level sample.
Precision, limit of quantitation, and carryover
Three PCs (two BC derived and one apheresis), three RCCs, and three plasma samples with calculated concentrations of 32, 16, and 1 WBCs/μL were tested on 10 occasions to assess within-run precision, with the mean concentration and coefficient of variation (CV%) being calculated.
Within NHSBT, cellular components form the greatest percentage of samples tested for rWBC enumeration. The limit of quantitation (LOQ) was therefore determined using one BC-derived PC, one apheresis PC, and two RCCs. Components were spiked to give calculated WBC concentrations of 16, 8, 4, 2, and 1 cell/μL and repeat tested (n = 10). The LOQ was defined as the concentration at which the CV% was equivalent to 20%. 10, 13 Carryover with use of three PCs (two BC derived and one apheresis), three RCCs, and three plasma samples was assessed according to the appropriate guidelines. 14 Briefly, a high sample of 32 cells/μL (H) was tested three times followed by aliquots of the corresponding nonspiked components (L) and the percentage carryover calculated with the formula (L1-L3) / (H3-L3) × 100.
Limit of detection
Limit of detection (LOD) was assessed by testing one BCderived PC, one apheresis PC, and two RCCs spiked to give calculated concentrations of 4, 2, and 1 WBCs/μL and tested to give 20 values for each component at each cell concentration. The mean and 95% confidence intervals (CIs) were calculated and compared with the corresponding values for nonspiked components (n = 20). The LOD was defined as the concentration at which the 95% CI results did not overlap with that of the nonspiked samples. 15 Validation with standard components produced in a routine manufacturing department For QM purposes, manufactured components were routinely sampled into two tube types. These spent minimally 10 minutes on a roller-mixer prior to testing by either flow cytometry or on a hematology analyzer (LH780, Beckman Coulter). Approximately 1 to 1.5 mL of components were placed into either an ethylenediaminetetraacetic acid tube (Greiner) to measure platelet counts, or into plain tubes (Greiner) for measuring various RBC parameters and rWBC counting. Having been processed for QM, ethylenediaminetetraacetic acid and plain samples with sufficient volume were manually inverted twice and placed on the XN-2000 analyzer, for subsequent automatic mixing before rWBC enumeration.
The samples tested were EDTA tubes: apheresis PC (n = 1821), BC-PC (n = 127), RCC (n = 13), apheresis plasma (n = 187); and plain tubes: apheresis PC (n = 1305), BC-PC (n = 127), RCC (n = 14), and apheresis plasma (n = 94). All testing was completed within 10 hours of component sampling. Use of these nonpaired samples enabled the range of rWBC results obtained with the BB mode to be determined and any potential issues associated with sample type identified.
Where both flow cytometry and BB mode results were available for the same component, these were reviewed and converted to cells/unit to identify the effect of source data on identifying those components that met the less than 1 × 10 6 and less than 5 × 10 6 rWBC guidelines.
The highly efficient nature of the leukoreduction process results in infrequent failures. Consequently, the number seen within one manufacturing facility makes it difficult to test the ability of new systems to detect levels of rWBC representing LD failures. Therefore, early in the study, any NHSBT manufacturing site that identified leukoreduction failures sent them to CDL for testing on the XN-1000, with a development version of the software. Components were resampled at CDL and the rWBC results compared with the original flow cytometry values determined by routine QM. Components were not retested by flow cytometry, as the manufacturer's guidelines that testing of samples should be performed within 48 hours of leukoreduction could not be met. At QM-Manchester, for leukoreduction failures occurring during routine testing, a single sample was tested by both BB mode and flow cytometry, within these time guidelines.
Statistical analysis
Data were analyzed with computer software (Prism version 5, GraphPad Software Inc). The BB mode results from plain and ethylenediaminetetraacetic acid tubes were analyzed with a two-tailed Mann-Whitney U test at 95% CI. The correlation between flow cytometry and BB mode results was analyzed using linear regression; p values less than 0.05 were considered statistically significant.
RESULTS

Linearity
For PCs, RCCs, and plasma components, there was an excellent linear correlation between the expected and observed WBC counts from the BB mode, with R 2 0.9996 or greater for all cases over the full range of concentrations tested ( Fig. 1A through C). Observed values from the BB mode sometimes differed from the expected values. For PCs at an expected result of 2 WBCs/μL, the average observed result was 8.5% higher at 2.17, while at concentrations greater than 2 WBCs/ μL the observed results ranged between approximately 3% lower to 4% higher than expected. For plasma components, the observed results were 0.3% to 6% lower than expected. For RCCs, an average difference of 24.7% lower than expected was observed ( Table 1) .
For flow cytometry, the agreement between expected and observed counts gave R 2 0.9998 or greater for all cases over the full range of concentrations ( Fig. 1A through C) . In the range of 2 to 32 WBCs/μL, unlike the BB mode, the observed values for flow cytometry were always greater than the expected values. In RCC, for example, the flow cytometry results were 5.4% to 15.4% higher than expected ( Table 1) . Comparison of flow cytometry and BB mode results using Bland-Altman analysis reiterated the pattern seen in the linearity analysis, with flow cytometry giving higher biases in all components, the highest being 2.48 WBCs/μL in RCC ( Fig. 1D through F).
Precision, LOQ, carryover, and LOD
Precision testing showed that at 32 WBCs/μL, CVs for all components were 5.6% or less, which increased to a maximum of 28.1% at 1 WBC/μL ( Table 2 ). LOQ analysis showed that although the average CVs for PC and RCC samples were greater than 20% at 1 WBC/μL, at 2 WBCs/μL the average CV% was less than 20%, thus giving an overall mean LOQ of 2 WBCs/μL ( Table 2) .
The carryover assessment process for PCs, RCCs, and plasma showed a range across the three components of 0.04% to 0.22%, with an average value of 0.1%.
Using 1 BC, 1 apheresis PC, and 2 RCCs, the 95% CI values for the nonspiked samples ranged from 0.00 to 0.06 WBC/μL, which did not overlap with the range of 0.86 to 1.36 for 1 WBC/μL. Nor did any of the 95%CI values for samples containing 1, 2, and 4 WBCs/μL overlap with each other, thereby indicating an LOD of 1 WBC/μL.
Validation using standard components produced in a routine manufacturing department Effect of sample tube type
Across the different components, results were available from 1540 plain and 2148 ethylenediaminetetraacetic acid tubes, with the majority from PCs. It was evident that with some PCs, especially apheresis platelets, results from some plain tubes gave very high rWBC values (median, 2.5; range, 0.2-1012.6; n = 1305), suggesting a large number of LD failures. Although the median result of 0.9 rWBC/μL obtained from PCs with ethylenediaminetetraacetic acid tubes was similar, the range was smaller (0-23.2, n = 1821) and significantly different from those obtained with plain tubes (p < 0.0001; Fig. 2 ). Similarly, in apheresis plasma, although the median values and ranges were very similar (plain tubes, 1.5; range, 0-11.9; n = 94; ethylenediaminetetraacetic acid, 0.8; range, 0-13.6; n = 187), the measurements were significantly different (p < 0.0001; Fig. 2 ).
Although the range of results from plain (n = 14) and ethylenediaminetetraacetic acid (n = 13) tubes from RCCs were not significantly different from each other (p = 0.5768; Fig. 2 ), the value of this observation is limited, as it is derived from a relatively small number of samples.
A review of components with leukoreduction failures showed that the BB software multidimensional gating strategy clearly identified WBCs and debris in different regions (Fig. 3A) . For successful leukoreduction, with an ethylenediaminetetraacetic acid tube, the BB software detected some particles, but correctly identified them as debris (Fig. 3B) . A plain tube from the same component, however, showed some particles in the WBC region along with debris, leading to an incorrect high rWBC result (Fig. 3C ).
Comparison of BB mode and flow cytometry results for successful leukoreduction components
Components that were identified by flow cytometry as having less than 5 × 10 6 rWBCs/unit were used to compare flow cytometry and BB mode data. Results were used only where there were paired samples, with the flow cytometry taken from plain tubes and BB results from ethylenediaminetetraacetic acid tubes. This enabled comparison of data from 1367 PCs (apheresis, 1274; BC derived, 93) and 80 apheresis plasma components. There were no paired RCC samples. BB mode results were available as direct outputs from the analyzer; however, flow cytometry results were derived from the QM database where measurements of 1 WBC/μL or less were recorded as 1 WBC/μL. This meant that for all 1447 samples, the BB mode results of 1 WBC/μL or less could not be compared with their corresponding quantitative flow cytometry results. Figure 4A illustrates an apparent linear relationship between the actual BB mode results and flow cytometry values for apheresis PCs, even though values of 1 WBC/μL or less had been recorded as 1 WBC/μL. This combination of a lack of actual flow cytometry results of 1 WBC/μL or less combined with the 2 WBCs/μL LOQ for the BB mode means that there is little practical value in statistical correlation analysis of results below 2 WBCs/μL. For samples with BB mode values of 2 WBCs/μL or greater (n = 48), there was a moderate correlation with flow cytometry results (R 2 = 0.6475; Fig. 4B ).
As an alternative means of assessing the data, results with the BB mode were combined with the volume of each individual component (obtained from NHSBT QM database) to obtain a value for the rWBC/unit of component. Consequently, the percentage of components meeting the less than 1 × 10 6 rWBC guideline were compared with analogous flow cytometry results.
This approach showed that BB data resulted in slightly more components exceeding the less than 1 × 10 6 rWBC limit. For apheresis PCs, the BB mode identified 29 units as having values greater than this limit, compared with 20 identified by flow cytometry (Table 3) . Sixteen units were identified as having values greater than 1 × 10 6 rWBC/unit by both techniques. For BC-derived PCs, all were within specification with flow cytometry data, with 5 above the limit with BB mode, although the highest result was only 1.3 × 10 6 /unit ( Table 3 ). The same pattern was seen with apheresis plasma components, with only the BB mode giving high results, 1.8 × 10 6 /unit or less (Table 3) . Notably, though, the guideline target of more than 90% of components containing less than 1 × 10 6 rWBC was met with use of data from both sources ( Table 3) .
Comparison of BB mode and flow cytometry results for components failing leukoreduction
Of the components that were 5 × 10 6 rWBCs/unit or greater, there were 10 RCCs and 3 PCs that had flow cytometric rWBC values greater than 13.4 cells/μL and less than 350 cells/μL and therefore within the manufacturer's stated linear range and similar to that used in another comparative study. 5 Eight RCCs and one PC were sampled retrospectively and tested on the XN-1000 between 1 and 11 days after the original flow cytometry tests; of these components, seven RCCs and one PC were measured using the development BB software, while the remaining RCC was measured using the BB mode. Four components were tested at the time of manufacture with the BB mode on the XN-2000. All leukoreduction failures were clearly identified by the BB mode, with an excellent correlation with flow cytometry (R 2 = 0.9818; Fig. 5A ). Consistent with the linearity studies, there was a small underestimation by XN analyzer compared with flow cytometry results, giving a negative bias of 5.22 WBCs/μL (Fig. 5B ).
DISCUSSION
Implementation of leukoreduction for blood components required development of a QM process with results from technologies able to count rWBCs. 3, 4, 12 Recent developments in automated hematology analyzers have enabled counting of low levels of WBCs in body fluids 9,10 and lead to renewed interest in the use of these analyzers for counting rWBCs. 8 A study of the CSF analytical mode on an ADVIA-2120 hematology analyzer for rWBC counting found that both the preanalytical variation associated with manual sample preparation, and the need for a modified software gating strategy probably contributed to performance failure. 8 These issues did not apply to the Sysmex XN series analyzers, as they did not require any preanalytical sample preparation, and software development for the BB mode had already incorporated modifications in the gating strategy.
We carried out the first evaluation of the BB mode using both leukoreduced blood components spiked with known concentrations of WBC and routine leukoreduced components. Linearity assessment using platelet, plasma, and RBC components showed excellent concordance with flow cytometry. There were good correlations between expected and observed results, although there was a tendency for the BB mode to underestimate WBC concentrations, most notably with RCCs. Conversely, flow cytometry tended to overestimate WBC concentrations.
Precision and LOQ analyses showed acceptable results, comparable with those previously ascribed to flow cytometry. For example, with use of RCC at 16 WBCs/μL, the CV for BB mode results was 5.5%; this compared favorably to that reported by Cardigan et al., 12 with reported intra-assay CV of 6% with Leucocount reagents and a FACSCalibur flow cytometer for RBC products at 15 to 20 WBCs/μL. The same study reported a CV of 8% for WBC at the same concentration in platelets, 12 which again compared well with our observed BB mode average CV for PCs of 6.0%. For the range of 2 to 4 WBCs/μL in PCs, the BB mode CV was 14.4%, which is slightly higher than the 9% for 3.3 WBCs/μL reported by Dijkstra-Tiekstra. 16 The average LOQ with the BB mode of 2 WBCs/μL agreed with the value described with the Sysmex hsA mode for CSF analysis, 10 but slightly above the value implied in another study with the Leucocount-FACSCalibur combination where CVs less than 20% were still observed at the level of 1 WBC/μL in platelet components. 16 When testing manufactured components, the type of sample used for BB analysis was found to be a factor influencing the quality of results, with PCs and plain tubes without anticoagulant sometimes giving aberrant results due to unidentified events appearing in the analysis plots and counted as WBC. The cause and nature of these events has yet to be determined. As a significant difference between results obtained with ethylenediaminetetraacetic acid and plain tubes was also seen with plasma components, it is possible that this phenomenon was applicable to all components, but unfortunately there were too few RCC samples to reliably assess the incidence of aberrant results in this component.
Testing the samples by the BB mode after being used for routine QM processes may have contributed to handlinginduced artifacts. This possibility is supported by the absence of aberrant WBC values in performance characterization assays where samples were prepared in plain tubes, but were only mixed immediately prior to testing. Atypical patterns of results have previously been described in flow cytometric rWBC assays and ascribed to being possibly damaged cells, autofluorescence debris, fragmented nuclei, or DNA. 17, 18 Although use of ethylenediaminetetraacetic acid tubes appeared to diminish the issue of aberrant events being counted as WBCs, we cannot be certain that they completely resolved the problem. Such events may have been detected as WBCs and contributed to the discrepancy between results from manufactured components that had undergone successful leukoreduction where, overall, BB mode results gave a higher estimation of leukoreduction failures at the 1 × 10 6 WBC/unit level compared with flow cytometry. However, in both the linearity studies and in leukoreduction failures with 5 × 10 6 rWBC/unit or greater, the BB mode gave a slight underestimation of rWBCs compared with flow cytometry.
From blood component QM and stock management points of view, in routine leukoreduced components, the overestimation of rWBCs by BB mode would not have resulted in components being discarded, as levels above the 5 × 10 6 WBCs/unit disposal limit were not observed. Furthermore, overestimation of rWBCs could be seen as a safer option compared with underestimation, which has the potential to allow leukoreduction failures to enter the blood supply chain. Notably, all components identified as leukoreduction failures by flow cytometry were also clearly identified by BB mode.
Operationally, use of the Sysmex XN for rWBC counting offers the potential to automate, simplify, and rationalize QM procedures. One ethylenediaminetetraacetic acid sample could be used for both rWBC enumeration and routine hematologic QM. In addition, all requirements for preanalytical manipulation, such as pipetting of samples and staining reagents, would be eliminated, as would potential sample transposition and transcription errors. An estimate of processing times for a daily workload of approximately 100 tests within QM-Manchester suggested that by moving from an analysis system of hematology analyzer and flow cytometer to a single-platform hematology analyzer system would reduce processing time by approximately 3 hours, primarily by removing the need for manual sample preparation before flow cytometry. Furthermore, management processes linked to equipment solely used for rWBC counting would be removed.
Implementation of new quantitative technology requires consideration of both internal and external quality assessment (QA) and the availability of QM material. A laboratory could consider extending its analyzer QC procedures to incorporate suitable material such as use of a 1 in 200 dilution of whole blood with a known WBC count. 12 Participation in external QA schemes 1 could require interaction with QA providers such as previously occurred for flow cytometry. 11 As this study was a single organization's assessment, the true value of the system will be realized only by additional multisite national and international evaluations to identify optimal processes, such as occurred with flow cytometry and other technologies. 12, 19 Multisite testing will provide the opportunity to further assess preanalytical variables such as sample type, mixing, time between sample acquisition, and testing. Such studies may help understand the currently observed discrepancies between patterns of results seen in artificially spiked and in routinely manufactured components. It could also provide further information on the reproducibility and potential relevance of the underestimation of rWBCs, as seen in the current RCC linearity studies. Should this observation become identified as a consistent negative bias in routinely manufactured components, options for dealing with this issue could be considered, which might include use of correction factors as previously described. 15, 20 Overall, this first report into the use of Sysmex XNseries hematology analyzers that use the BB analytical mode for enumeration of rWBCs indicates that the system has acceptable performance characteristics with both artificially spiked samples and routine leukoreduced blood components, successfully identifying leukoreduction failures initially detected by flow cytometry. These findings support continued studies into the role of hematology analyzers in rWBC enumeration to optimize testing processes.
